Experimental measurements of the Critical Micelle Concentration (CMC) in diblock copolymer and molecular surfactant systems have shown a cross-over from the exponential decrease at short chain lengths to a much more shallow decay of the CMC when the solvophobic block length was increased. This effect was observed for a wide variety of surfactants, and has been attributed to the collapse of the solvophobic tail group. In order to study this peculiar effect in more detail, we performed grand canonical Monte Carlo simulations of model surfactants in combination with histogram reweighting to obtain the CMC as a function of solvophobic block length. We found that the CMC decreases exponentially with increasing solvophobic block length; no cross-over to a slower decay has been observed, as also expected based on theoretical considerations. These findings suggest that the experimentally measured CMCs may not be true equilibrium values, but that kinetic effects may be influencing the observed cross-over. Many surfactants spontaneously self-assemble into micellar aggregates in aqueous solutions when their concentration surpasses a certain threshold, the so-called critical micelle concentration (CMC). This ability makes surfactants crucial for many industrial applications, such as emulsification, 1 drug delivery, 2 and oil recovery. 3, 4 Furthermore, amphiphilic molecules play an important role in biological systems as constituents of lipid membranes. The details of this transition primarily depend on the molecular architecture, the solvent, and temperature.
Many surfactants spontaneously self-assemble into micellar aggregates in aqueous solutions when their concentration surpasses a certain threshold, the so-called critical micelle concentration (CMC). This ability makes surfactants crucial for many industrial applications, such as emulsification, 1 drug delivery, 2 and oil recovery. 3, 4 Furthermore, amphiphilic molecules play an important role in biological systems as constituents of lipid membranes. The details of this transition primarily depend on the molecular architecture, the solvent, and temperature. [5] [6] [7] Theoretical considerations for both short-molecule and polymeric surfactants generally predict that the CMC decreases exponentially with the solvophobic block length N phob , due to the approximately constant gain in free energy associated with transferring a solvophobic block from the solvent to a micelle core. This behavior has been verified experimentally for a wide variety of surfactants with sufficiently small N phob . [5] [6] [7] However, a significantly weaker dependence on N phob was found for ionic 8 and nonionic 9 surfactants with increasingly long solvophobic blocks. A similar trend was also observed for amphiphilic diblock copolymer systems. [10] [11] [12] By collapsing CMC data of various amphiphilic systems onto a single master curve, Lodge et al. 12 identified a rather sharp cross-over from the expected exp (−N phob ) behavior to a weaker exp(−N 1/3 phob ) dependence in systems with ϕ CMC 10 −4 . This weak CMC dependence is often attributed to a conformational change of the solvophobic block of the free surfactants. It is well known that sufficiently long homopolymers collapse into spherical globules when the system is well below the point. 13, 14 A similar effect is expected for the solvophobic tails of the surfactants, at conditions for which the solvophilic block retains its coil-like a) Electronic mail: azp@princeton.edu shape. Gao and Eisenberg 10 proposed that the core of the micelles consists of such aggregated globules, so-called unimer micelles, interacting via van der Waals-like attractions. Although such a model yields ϕ CMC ∝ exp(−N 1/3 phob ), this is a very unlikely scenario, which, to our knowledge, has not been observed in any experiments or simulations. Indeed, recent single chain mean-field (SCMF) calculations have predicted an exponential decay of the CMC irrespective of solvophobic block length, suggesting that the experimentally observed weak N phob dependence may be a kinetic artifact. 15 A nonexponential behavior only became apparent in the SCMF calculations, when kinetic factors were artificially introduced into the system. However, it is not clear whether the employed spherical mean-field approximations still hold at low aggregate numbers, making further investigation by simulation necessary.
In order to study this behavior in detail, we performed grand canonical Monte Carlo (GCMC) simulations in conjunction with histogram reweighting. 16, 17 This approach has several key advantages over alternative techniques in the canonical ensemble, such as molecular dynamics (MD) [18] [19] [20] [21] and dissipative particle dynamics (DPD). 22, 23 In particular, the GCMC approach is less susceptible to hysteresis and trapping in metastable states, which is crucial for proper sampling of strongly micellizing systems with low CMCs. It also allows for a clear distinction between (local) micellization and (global) phase separation. 24 Furthermore, relatively small system sizes are sufficient for reliably estimating even very low CMC values. An important advantage of such a relatively small simulation box is that only few samples are necessary for covering the range from single dispersed surfactants to the CMC. Furthermore, this choice reduces the simulation time and memory requirements significantly. In contrast, NV T simulations would require a simulation box with a volume of V 10 13 for capturing the lowest CMC observed in the present study (ϕ CMC ∼ 10 −12 ).
In our GCMC simulations the three-dimensional space is discretized into a cubic lattice, where solvent particles occupy single sites and surfactant molecules occupy N p connected sites. This model has been originally developed by Larson et al. 25 for the simulation of amphiphile-oil-water systems, and was successfully extended for studying the micellization of amphiphiles. 24, 26, 27 Here, every entity interacts equally with all its 26 neighbors along the vectors (1, 0, 0), (0, 1, 1), (1, 1, 1) , and all additional vectors resulting from symmetry operations. In what follows, we will use the convention H x T y for denoting a surfactant with x solvophilic head, and y solvophobic tail sites. We denote the interaction strength between two head (tail) groups as ε HH (ε TT ), and the cross-interaction strength as ε HT . The system temperature T was normalized by the energy scale:
Following Refs. 24, 26, and 27, we set ε TT = −2 and ε HH = ε HT = 0, yielding an energy scale of unity. Chains are inserted and removed from the system with a probability of 50% following the standard Rosenbluth algorithm, 28 to ensure the correct sampling of the molecular conformations. The remaining MC steps consist of reptation (49.9%) and cluster moves (0.1%), where the relatively small probability for the latter is because of the high computational cost of these moves. Typically, we performed 10 8 − 10 9 MC steps per particle during the equilibration period, and then conducted a similar amount of steps for recording our data. Here, we measured the cluster distribution every 10 3 cycles, and determined that two surfactants belong to the same cluster if any tail segment of the two molecules is within each other's interaction range. 26 Our results were insensitive to this choice, and typical cluster distributions are shown in the inset of Figure 2 .
Following our previous study, 26 we determined the CMC by measuring the scaled osmotic pressure of the solution, = N p P/T. Here, we calculated the pressure P in our system via the logarithm of the grand partition function, which is readily available from histogram reweighting of the GCMC simulation data. 26 At low surfactant concentrations, (ϕ) follows the ideal line of unit slope, but then rapidly becomes more shallow as micelles start to appear in the system. This cross-over indicates that the independent entities in the system are now aggregates of surfactant molecules rather than monomers. We define the intersection of these two linear segments as ϕ CMC . This transition becomes more smooth and ambiguous with increasing temperature, and the slope of the second straight segment increases as the aggregates become smaller and less sharply defined. This situation is entirely analogous to experiments, where micellization can no longer be observed above a certain threshold temperature, T cm . Figure 1 shows (ϕ) for H 12 T 3 , and it is apparent that the transition from the monomeric regime to the micelle regime becomes less sharp with increasing temperature.
In order to investigate the effect of the solvophobic block length, we varied N phob from 3 to 11 at constant molecule length N p = 15. Alternatively, we could also have fixed the size of the head group, but experiments of amphiphilic copolymers in ionic liquids have shown that fixing N p leads to a more pronounced decay in the CMC. 12 This effect is most likely due to the concomitant shrinking of the head group, which otherwise acts as a steric barrier impeding micellization. In addition, special care has to be taken when choosing the compositions, since the systems either micellize or phase separate macroscopically (but never both) depending on the molecular architecture. 24 We can determine a mapping between our model system and experiments by establishing a connection between the respective Kuhn lengths. For the employed cubic lattice with coordination number of 26, the average bond length between two connected lattice sites is (6 + 12 √ 2 + 8 √ 3)/26 ≈ 1.42. In the case of a polyethylene tail group, the molecular weight of a Kuhn segment is M k = 150 g/mol, while the molecular weight of a monomer is M 0 = 28 g/mol.
14 Hence, a lattice site represents approximately 3.8 monomers, each containing two carbon atoms in the backbone. The investigated N phob range corresponds to 22 − 83 methylene units in the solvophobic block. The energy cost for solvating a single methylene unit in water is c = 1.2 k B T, and therefore we can conclude 27 k B T cN phob 100 k B T for the investigated systems. In
Ref. 12, the cross-over to the weaker exp(−N 1/3 phob ) regime has been observed at cN phob ≈ 20 k B T for various aqueous micelle solutions.
First, we performed a number of GCMC simulations for each composition at temperatures close to T cm . We initialized the systems from a pure solvent and increased the chemical potential μ until spherical micelles with a well-defined core and tail region formed. The runs extended to sufficiently low μ values to cover the density region in which surfactant molecules were dispersed as monomers. To test our systems for hysteresis, we repeated our GCMC simulations from start configurations containing multiple micelles. Figure 2 shows the volume fraction of a H 12 T 3 surfactant for both increasing and decreasing μ, and it is clearly visible that both pathways lead to the same equilibrium state. The results were then combined through histogram reweighting, yielding estimates for the micellization chemical potential μ cmc at lower temperatures. We then performed additional GCMC simulations with μ values slightly below and above the predicted μ cmc , and included these new data in the subsequent reweighting step. This procedure was repeated until the target temperature (T = 5.0) was reached. Figure 3 shows the resulting CMC as a function of solvophobic block length for several temperatures, and it is clearly visible that ϕ CMC drops dramatically as N phob increases. Furthermore, we can see that the CMC also decreases monotonically with T at fixed N phob , following the well-known log (ϕ cmc ) ∝ β behavior. Fitting our data with an exponential revealed that ϕ CMC ∝ exp (−N phob ) for all investigated surfactant compositions. This behavior is in stark contrast with previous experiments of molecular 8, 9 and polymeric surfactants, [10] [11] [12] where a significant flattening of the CMC was observed with increasing N phob . In previous studies it was surmised that this (apparent) weakening of the CMC is strongly correlated with the collapse of the solvophobic tail group in the solution phase. 10, 29 Indeed, such a transition would reduce the free energy cost of solvating free surfactants, F, and therefore shift the equilibrium between micelles and free molecules towards the latter. 29 For sufficiently Error bars have been omitted for the sake of clarity, and are <1% for the former, and 2% − 5% for the latter case. The vertical dashed lines correspond to the temperature range shown in Figure 3. long chains, the largest contribution to F then arises from the interfacial tension of the collapsed tail groups. In such a case, we expect F ∝ N 2/3 phob because the radius of a collapsed globule is proportional to N 1/3 phob . 29 However, we have not yet reached this limit in the cases investigated here, as our polymers are still rather far away from the scaling limit. 30 In order to investigate the conformational effect in more detail, we measured the radius of gyration of the tail group, R g, T , for surfactants in the solution phase as well as surfactants in aggregates. Figure 4 shows R g,T as a function of temperature T, normalized by the value of a self-avoiding random walk in three dimensions, i.e., R ∞ g,T = 0.508N 0.588 phob . 31 For isolated surfactants in the solution phase, it is clearly visible that the collapse of the solvophobic tail becomes significantly more pronounced with increasing N phob at any given temperature; at the lowest investigated temperature T = 1, R g,T shrunk only by ∼15% for H 12 T 3 , while R g,T decreased by 50% for H 4 T 11 . This behavior becomes clear when the number of possible contacts within each solvophobic block is considered, which increases monotonically with N phob .
However, once the surfactants self-assembled into spherical micelles, they exhibit the opposite trend: as shown in Figure 4 , R g,T increased with decreasing temperature until it eventually reached (and in some cases surpassed) R ∞ g,T . This behavior is closely related to the increasing aggregation number M of the micelles (cf. inset of Figure 2 ): in order to accommodate the growing amount of surfactant molecules in each spherical micelle, the solvophobic tails of the constituent surfactants need to unfold and stretch from their collapsed states. A similar effect has been observed in recent DPD simulations, where a significant raise in M was observed when the bending rigidity of the solvophobic block was increased. 23 Combining the data shown in Figures 3 and 4 suggests that the temperature dependent changes of the tail group conformation do not lead to a deviation from the ϕ CMC ∝ exp (−N phob ) behavior. This is especially apparent for the CMC data at T = 5, where we observed the biggest spreads in R g,T . We can conclude that the unimer micelle picture drawn in Figure 2 of Ref. 10 is physically wrong, as the core of the micelles does not consist of collapsed globules, but rather resembles a melt.
Finally, we would like to note that the observed phase behavior for amphiphilic surfactants bears a strong resemblance to the solubility of n-alkanes in water, where some experiments reported a similar cross-over from an exponential decay to a more shallow regime with increasing chain length n. 32 This behavior was also attributed to a hydrophobic collapse of the chains. However, recent simulations 33 have demonstrated that there are no structural transitions in the water phase, and that the apparent crossover in some experimental datasets was likely due to impurities and kinetic effects. Moreover, a free energy landscape analysis of the chain conformations revealed remarkable similarities between the ideal gas and solvated phases, suggesting that solvated chain conformations are driven primarily by ideal gas statistics. We anticipate a similar trend for the surfactant systems at hand, and future research is planned to study the free energy landscapes of these systems in detail.
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